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MOCK-LmmD EEBFOEMAIO! 07 FOBS HmtOCABBQRB BLERDIED VISX 
- - A-BASB-IUEL IS A -lULL-^ALE AZBOBARF-EHGIKE CZLIimEB - 

IZ - mSSLTE ABONATroS 
By Arthur V. Bull and Azxtbony V. Jones 



- SDMMAB7 

An InvestlgiGLtlon of tbe ImoclE-lliDlted perf oxmance of leaded 
blends of 22 pure aronatlo hTdrooarbons vas oonducted In a fUll- 
Boale alroxaft -engine cylinder at CBC simulated orulse and talcs - 
off conditions to deteznlhe the antiknock effectiveness of addi- 
tions of pure compounds to aviation fuels. The following ftksls 
vere InvestigSited: 

lyS^S-Trimethylbenzene (mesltylsne) 

m-Dletbylbenzene 

^-Xylene 

l-Ethyl-4-methylbenzene 

tert -Butylbenzene 

Isopropylhenzene (ounene) 

Toluene 

Stbylhenzene 

sec -Buty ITaenzene 

Benzene 

1,2,4-^liiietbylbenzene (pseudooumene) 
o-Xylene 

Each of these aromatic fuels vas blended vlth a base fuel (85 per- 
cent S-3 and 15 percent M-4 plus 4 ml TEL/gal) and the final blend 
vas leaded to 4 ml TEL per geuLlon. The base fuel and the S-3 
reference -fuel blends vere also tested separately.- Curves of 8-3 
reference fuels hating lead concentrations belov.3.0 ml TEL per 
gallon vere obtained to peurbly bracket the test -fuel curves. 

The results of the investigatioa izidlcated that: 

1.- The IS pure earGmatlo hydrocarbons Increased- the knock limit of 
the base fuel at the simulated orulse conditions, vlth the exception 
of 1,2,4-trlmetliylbenzene and o-iylene in the fuel-alr-ratlo rangs 
of 0.057 to 0.090. " . 
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.. "2. The 12 pure aromatlo hyclrooarbonB IncreaBed the ImooTc limit 
of the base fuel at the take-off condltlona vlth the ezoeptlon of 
henzene, l,24 4-trliDeth7lbenzeDe, and o-zylene In the fuel-air- xatlo 
range of 0.054 to 0.060. "~ 



IimiODUOTION 

A asneral investigation to determine the antiknoclc effective - 
nees of additions of pure hydrocarbons to aircraft -engine fuels is 
being conducted by the IIACA> The program includes tests vith a 
17.6 engine, an F-3 engine, an F-4 engine, and a full-scale airciraft- 
engine cylinder. Tests of the knoclc-limited performaiuje of eight 
pure paraffins and tvo pure olefins blended and leaded vith a base 
fuel in a full-scale aircraft -engine cylinder are reported in ref- 
erence 1. Batings of the fuel blends by F-3 and F-4 methods are 
also given. 

The present report gives the results of knock tests vith leaded 
blends of 12 pure aromatic hydrocarbons and a base fuel at cruise 
and take-off conditions accozxLing to the same procedure used in teste 
of parafflnic and olefinlc fuel blends reported in reference 1, The 
euroioatlo hydrocarbons were synthesized or purchased and then purl- 
fled at the Aircraft Engine Besearch Laboratory of the IIACA at 
Cleveland, Ohio. Tests vere run between January and March 1944 in a 
full-scale aircraft -engine cylinder under conditions raconssended by the 
Coordinating Besearch Council. A summary of this report is given in 
reference 2; the present report presents the ' complete data Including 
F-3 and F-4 ratings for all 12 aromatic fuel blends. 



FUEIfl 

The Organic Synthesis Section of AERL prepared for the full- 
s&ale single -cylinder tests 5 gallons each of the folloving pure 
aromatic hydrocarbons leaded to a concentration of 4.0 ml TESL per 
gallon: 

1,3,5-Trimethylbenzene (mesltylene) 

m-Dlethylbenzene 

£-Xylene 

l-Ethyl-4-methylbenzene 
tert -Butylbenzene 
Isopropylbenzene (cumene) 
Toluene 
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Ethyl'beiusene 
seo -Btttylbengene 

'.' Benzene - - • 

l«2,4-TrliDetta7lbenzene (pseudoounene) 
o-Zylend 

The leaded aromatlo hsrcLrooarbona were olzed vlth a base fuel 
to fozn blends conalBtlog of 25 percent by voluAie pure hydrocarbon 
and 75 percent by toIuzdo base fuel as In reference 1. A Blnilar 
blend vas made vlth the leaded S-3 reference fuel and the base 
fuel. The base fuel was a blend of 85 percent S-3 and 15 percent 
M>4 refdrenoe fuels leaded to a concentration of 4.0 ml TEL per 
gallon and vas inhibited vlth 0.09 pound of inhibitor per 500 
gaUons of fuel. 

The reference fuels used to partly braolcet the teat fuels vere: 

Blend of 90 percent S-3 plus 10 percent M-4 
S-3 

S-3 plus 0.5 ml TEL per gallon 
S-3 plus 1.25 ml TSL per gallon 
S'-3 plus 2.0 ml TEL per gallon 
S-3 plus 3.0 ml TEL per gallon 



APFABATUS AND M&TIDSS 



Apparatus . - The tests were conducted on a E-1820 G200 cyl- 
inder mounted on a CUE creuilccase. The auxiliary apparatus used in 
these tests vas the same as that used In reference 1 except that a 
heat exchanger was Installed In the coollng-alr line to control the 
coollng-alr temperature. 

Test oondltlons. - The fixed engine condltlona were: 

CEC simulated CBC simulated 
cruise taks-off 



Compression ratio ''•S 7»3 

Spark advance, deg B.T.C. . 20 20 
' (both plugs] 

Engine speed, rpn 2000 2500 

Inlet -air temperature, °f 210 250 

Oil flow to pist'cin Jets, pounds 8 8 
per minute 

011-ln temperature, °7 180 to 190 180 to 190 

Gasoline temperature at entrance 60 to 80 60 to 80 
to injection pump, °F 
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CBC Blnmlated CBC simulated 
cruise take-off 



Coollng-alr tenperature, °F 



asf2 



Valve timing: 



Intake opens^ deg B.T.C. 
Intake closes, deg A.B.C. 
Exhaust opens, deg B.B.C. 
Exhaust closes, deg A.T.C. 



15 
44 
74 
25 



15 
44 
74 
25 



The coollng-alr flov was determined for each test by running 
the engine at a brake mean effective pressure of. 140 pounds per 
sciuare Inch and a fuel -air ratio of 0.10 and by adjusting the damper 
valve in the cooling -air line until tlie temperature of the rear 
spark-plug bushing was 365° F. The cooling-air flow thus determined 
was maintained coi^Tcnt for each test. 

Ehock was deteouod with a mEignetostrictlon pickup unit, which 
vas inserted into the combustion chamber and used In conjuzictlon with 
a cathode -ray oscillograph. 

Test procedure. - Because the supply of pure aromatic fuel blends 
was limited, special procedures vere used foi* obtaining complete 
mixture -response curves as rapidly as possible at both cruise and take- 
off conditions. These special procedures are described In detail in 
reference 1. 

The valve clearances, the gaps between the spark-plug electrodes 
and the magnetos were checked at least once a isy and a run of three 
or four knock points was made with the base fuel before each test- 
fuel run to check engine conditions. 

Mixture -response curves for the reference fuels were determined 
at take-off and cruise conditions to partly bracket the test fuels. 
Friction runs' were made after eeu;h test* . 

The F-3 and F-4 ratings for the 2 5 -percent blends were also 
determined for the 12 pure aromatic hydrocarbons. 

Precision of tests. - The variation of the knock-limited indi- 
cated mean effective proesure of the base fuel during the tests is 
shown in figure 1. The average curve for the base fuel was faired 
emd the symbols on the figure indicate the reproducibility of the 
base-fuel check runs made before each test-fuel run. The variation 
In engine behavior was greater than that found In reference 1 and 
was probably caused by the higher powers emd higher temperatures 
experienced with the aromatic fuel blends. 
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■ Beoauee same variation vaa experienced In checking tbei Towae 
fuel. at cruise. OGx4i^ioi3s, an. avorage curve vae plotted. At tato.- 
off conditions tbe varlaticai -was negligible < 

BESULTS AND DISCUSSION ' ' ' 

■ 'The reference -fuel, framevork covering toets at hoth opentlng 
conditions Is- presented In figures 2 and 3. Jraa tbe^e figures cross 
plots vere made (fig. 4) to facilitate conversion of ^the IbaoclE-lliDlted 
Indicated mean. effective preaauree of the test fuela^to leiad ratings. 
Conversion of the ]cnock limits of test fuels to percentage a refer- 

■ence-fuel In M- reference fuel vas made from the, curves in figure 5j 
the aurve.a vere oroas -plotted from the data In figures 2 t*ri(\ 3 hy 
using equation (3b) of i-efcrsnoe 3, vhlch gives a relation of the' 
"reciprocal' Indicated mean effective pressure. No mixture -response 
■curves for wferonco fuels with lead concontrat ions above 3.0 ml 
^TEL per gallon are preaentud because mechanical difficulties encoun- 
tered during tests with higher lead concentrations necessitated a 
complete- engine overhaul. 

FlguroB and 7 compare the performeuice of a blend of 25 per- 
cent by volume S-3 reference fuel In the base fuel vlth the perfozn- 
ance of the base fuel. 

The knock-llmltud performance of the blonds of the 12 pure aro- 
matic hydrocarbons and the base fuel Is presented In figures 8 and 
9 -and In ta'ble I. All of the aromatica tested vlth the exception of 

0- xylenu locroaaod the knock-limited power of the baae fuel lu the 
rich region; l,3,5-trlmethylbonzo£is, m-dlethylbenzene, ^-xylene, and 

1- 'ethyl-4-raothyl'beiizene canaed the griateat Increases at a fuel-air 
ratio of 0.10 at hoth operating conditions. In the lean region 
(fuel -air ratio of 0,065) all of the aromatic hydrocarbons except 
0-Xyi9nQ and 1,2,4-trimothylhenzene at 2000 rpm and o-xylens^ 1^2,4- 
trlmethylbenzenej and benzene at 2500 Increased the knock- 
limited porf o'cnance . Thu. greatest incrbaao In the lean "region at 
both operating condltlona vas o'btalned vlth m-dlethylbonzene . The 
lean-region perfonEuice of the aromatic s vlth the exception of 
o-xyloue euiiI 1^2,4:-trii!iothylbenzene decreaJiod M the severity of 
operating conditions increased. 

The correlation of the performance of the fuels In a full- 
scale alrcraft-eiiisine .cylluder vlth that in an F-4 eziglne la given 
In figures 10 and 11 on' the basis of the ratio of indicated mean 
effective pressure of the teat fuel to Indicated neaSi effective pma- 
Bure of the base fuel because no reference -fuel curves could be 
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obtalzied to ])XBCkiet all" tl» test fuels. The correlation is poor. at 
fuel -air ratios of either 0.07 or 0;10 but shows a better trend at 
0,10 fuel -air ratio. The Increase In knock-llailtecL power with the 
aromatic blends at 0,10 fuel-air ratio was greater In the full-scale 
aircraft -engine cylinder at both operating condltlmis than In the 
E-4 engine, Indicating that the F-4 tests were more severe than the 
full-soale-cyllnder- tests. At both engine speeds and a fuel-air ratio 
of P.IQ, the average Increase in power resulting from the addition of 
QiromatlcB was 70 percent more with the full-scale single cylinder than 
the average Increase observed with the F-4 engine. 

The. correlation between tlae F-3 ratings and the full-scale- 
oyllnder ratings at a fuel -air ratio of 0.070 is given In- figure 12. 
.At 2000 rjiD all o!f t}^ fuelb fixcopt the o-zylene blend gave higher 
ratlpgs in the full-scale cylinder than In the F-3 engine. At 
2500 rpm o-3tyiene and benzene' blends had lower ratings in the full- 
- scale cylinder than in the F-3 engine, but the high-performance fuels 
showed considerably higher ratings In the full-scale cylinder than In 
the F-3 engine. The range covered by the F-3 ratings was frcm 100 to 
121 performance numbor, whereas the range of ratings covered by tho 
full-scale single cylinder at 2500 rpm and 0.070 fuel-air ratio was 
from 76 to 136 perfomanco number. The F-3 engine overrates the low- 
perfoznance aromatlcs and underrates tho hlgh-perfoznance aromatlcs. 



summaiq: of eesoi/es 

Besults of ImoclE tests on a B-1B20 G200 cylinder run at cruise con- 
ditions, engine speed of 2000 rpm and an "inlet-air temperature of 210° P 
and at tate-off conditions, engine speed of 2500 rpm and an Inlet -air 
temperature of 250° F, are given in table I. These data show that: 

1'. All of the 12 pure aromatic hydrocarbons increased the knock 
limit of the base fuel at the 2000 rpm conditions except 1,2,4- 
trlmethylbonzene and o -xylene, both of which lowered the knock limit at 
a fusl-alr ratio of approximately 0.065. 

2. All of the 12 pure aromatic hydrocarbons increased the knock 
limit Of the base fuel at the 2500 rpm conditions except benzene, 1,2,4- 
trlmethylbonzene, '^'^^ o-xylune. Benzene and 1,2,4-trlmQthylbunzene 
decreased the knock limit in the lean region (approximately 0.065 fuol- 
alr ratio) but Increased the knock limit In the rich region. o-Iylene 
decreased the knoclc limit In the lean region and made no change In the 
rich region. 
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3. Tbo effeotlvenesB of pure aromatic li3rdrocar1)oiiB as antl- 
■koock addltl78B. decreaeed In .the lean region as the severltr of 
operating conditions Increased. 

Aircraft Engine Besoarch Laboratory, 

National Advisory Commltteo for Aeronautics, 
Cleyeland, Ohio. 
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Concentration 
In base fuel 
(percent by 

volume ) 


F-3 

ratings 


F-4 ratings 
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Full- scale -c) Under 
slon ratio, 7.3; fl 


ratings 

park advance, 


20° B.T.C. ) 




Eni;lne speeri, 2000 rpn; 
lnlet-»lr temperature, 210° F 


'Engine speed, 2500 rpn; 
Inlet-alr temperature, 250° y 


Fuel-alr ratio 


Fuel-atr ratio 
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air ratio 




Lean 
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0.09 


0.10 
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94 
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0.76 


0.32 
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1.25 


1.57 


(a) 


(a) 


(a) 
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1.39 


1.50 


1.68 


1.62 


1.19 


1.25 


1.85 


1.68 


1.72 
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147 


241 


261 


248 


258 


308 


338 


348 


196 


222 


294 


337 


350 






0.60 


0.29 


1.03 
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(a) 


(a) 


(a) 


(a) 
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(a) 


(a) 
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0.95 


1.07 


1.42 


1.52 


1.67 


1.71 


1.79 


1.75 


1.63 


1 .26 


1.41 


1.67 


1.71 
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146 


243 


261 


132 


198 


278 


324 


346 


184 


190 


264 


314 


364 




0.53 


0.35 


0.65 


4.00 


6.00 


0.79 


1.25 


(a) 


(a) 


(a) 


1 .26 


1.25 


(a) 


(a) 


(a) 








0.99 


1.09 


1.39 


1.49 


1.23 


1.31 


1.62 


1.60 


1.62 


1.19 


1.21 


1.50 


1.69 


1.64 


l-Etbyl-4-Bethylbenzene 
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231 


256 


227 
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278 


327 


364 


184 
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247 


325 


361 




0.47 


0.41 


0.42 


3.56 


6.80 


(a) 


(a) 


(a) 


(a) 


(a) 


1.26 


1.03 


(a) 


(a) 


(a) 








0.98 


1.01 


1.34 


1.47 


1 .53 


1 .52 


1.6£ 


1.69 


1.66 


1.19 


1.18 


1.40 


1.65 


1.62 


tert-Butylbenzene 


25 




135 


162 


246 


260 


220 


225 


264 


306 


331 


192 


204 


251 


302 


331 






0.77 


0.96 


1.68 


4.60 


5.72 


(a) 


(a) 


(a) 


(a) 


(a) 


1.81 


2.08 


(a) 


(a) 


(a) 
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1 .17 
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1 .40 


1 .49 


1 .49 


1.64 
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1 .30 


1.43 


1.53 


1.63 
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25 




97 


127 


209 


237 


207 


206 


248 


300 


316 


194 


199 
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284 
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0.63 


0.42 


0.50 


3.07 


3.92 


2.59 


8.37 
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1.40 


1 ,36 


1 .44 


1 .65 


1 .48 


1 .25 


1 .27 


1 .34 


1 .44 
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Toluene 


25 




119 


153 


227 


247 


190 


196 


236 


280 


317 


170 


176 


238 


230 


302 






0.34 


0.34 


0.56 


2.90 


3. 86 


1.08 


1.11 


2.95 


(3) 


(a) 


0.73 


0 .71 


2.92 


la) 


\ a ) 


- 






0.98 


1 . 04 


1 .29 


1 .44 


1 .28 


1 .30 


1 .37 


1 .45 


1 .49 


1.10 




1 .35 


1.42 


1.40 


Ethylbenzene 


25 




127 


159 


227 


244 


200 


210 


248 


278 


296 


174 


192 


234 


269 


294 






0.40 


0.50 


0.90 


3.31 


4.36 


2 .00 


2.6S 


U) 


(a) 


la) 


0.04 


1 .36 


2.54 


(a) 


I a i 








1 . 04 


1 .08 


1 .29 


1.41 


1 .35 


1 .39 


1 .44 


1 .44 


1 .30 


1 . 12 


1 .22 


1 .33 


1 .37 


1 .36 


seo-Butylbsnzene 


25 




110 


135 


212 


229 


198 


202 


231 


270 


295 


180 


174 


243 


275 


291 




0.54 


0.50 


0.50 


2.38 


2 .06 


1 .80 


1 .81 


2.68 


(a) 


(a) 


1 06 


0.66 


(a) 


(•) 


V a / 








1.03 


1.01 


1.25 


1.33 


1.34 


1.34 


1.34 


1.40 


1.38 


1 .16 


1 .11 


1.38 


1.40 


1 .35 


Bensene 


25 




84 


126 


196 


210 


177 


180 


201 


232 


263 


160 


146 


193 


229 


258 






0.31 


0.18 


0.90 


2.00 


1.90 


0.67 


0.57 


0.64 


1.26 


2.14 


0.37 


0.20 


0.49 


1.03 


1.60 








0.92 


1.10 


1.15 


1.23 


1 .20 


1.19 


1.17 


1.20 


1.23 


0.97 


0.93 


1,10 


1.16 


1.19 


1 ,2,4-Trlmethylbenzenp 


25 




96 


117 


174 


177 


110 


132 


178 


206 


229 


136 


136 


182 


221 


238 






98 .8 


biOO 


0.19 


0,41 


0.31 


"99.3 


0.05 


0.2G 


0.41 


0.60 


0.19 


0.10 


0.53 


0.73 


0.71 








0.83 


0.86 


1.03 


1.03 


0.74 


0.a7 


1.03 


1.07 


1.08 


0.88 


0.87 


1.03 


1.12 


1.10 


a>Xylene 


25 




0 
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165 


156 


114 


124 


163 


193 


211 


119 


111 


17Z 


196 


213 






*>100 


°96.1 


0.10 


0.15 


=90.1 


0.01 


0.01 


0.12 


0.22 


0.20 


"100 


«87.0 


0.22 


0.24 


0.19 








0.75 


0.80 


0.91 


0.90 


0.77 


0.82 


0.95 


1.00 


0.99 


0.77 


0.71 


0.98 


0.99 


0.99 


S-5 reference fuel 
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186 


200 


228 


158 


16E 


195 


217 


235 
















0.38 


0.33 


0.37 


0.44 


0.57 


0.60 


0.47 


0.63 


0.60 


0.60 
















1.08 


1.09 


1.00 


i.oa 


1.07 


1.02 


1.06 


1.11 


1.10 


1.09 


"Smse fuel 


100 




*110 


""iso 


■5170 


<'l76 


d 148 


dl51 


dl72 


<il93 


<l213 


155 


157 


176 


197 


216 


l8Si S-3 and 1^ 




0.39 


0.36 


0.41 


0.31 


0.26 


0.24 


0.18 


0.20 


0.22 


0.24 


0.45 


0.33 


0.27 


0.26 


0.23 


M-4 +4 ml TEL/gel) 














1.00 


1.00 


1.00 


1.00 


1.00 


1.00 


1.00 


1.00 


1.00 


1.00 



"oreater than S-3 + 3.0 ml TEl/gal. NATIONAL ADVISORr 

^Octane nunber. COMMITTEE FOR AERONAUTICS 



'Percentage S-3 In K-4 reference fuels. 

*l»ep valuec of bas* fuel are from average curve made up from a number of base-fuel tests during course of project. 
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Figure 1. - Reproducibility of knock-limited Indicated mean 
effective pressure vrith check runs. Fuel, 85 percent S-3 plus 
15 percent M-4 plus 14- ml TEL per gallon. (Symbols correspond 
to those in figures 7 and 8 and indicate the base-fuel check 
points for the test fuels.) 
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ture of 210° F. Fall-scale aircraft -engine c^llnderj cooiireBBlon ratio, 7.3; spark adTance, 
20° B.X.C.; cooling air adjusted at 140 Inep and 0.10 fuel-etr ratio to gin a rear sperk- 
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(b) tert-Butylbenzene. isopropylbenzene, toluene, and ethylbenzane. 
Figure o. — Continued. 
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Figure 6. - Concluded. 
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(b) tert-Butylbpnr.ene, Isopropylber.zene , toluer.e , and ethylbenzene. 
Figure y. - Continued. 
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nguro 10. - ConparlBon of fuel-blend, perfoxaance at an engine speed of 
2000 nu vlth F-4 engliw perf oznance . fall -scale aircraft -engine cylinder; 
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SlOP F; cooling air adjusted at 140 bnep and 0.10 Aiel-alr ratio to give a 
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(b) Puel-alr ratio, 0.10. 
Figure 10. - Concluded. 
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